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Despite the demonstration of a myriad of cardiovascular effects, the underlying cellular mechanisms and signaling pathways that mediate the actions of urocortin are not fully understood. We and others have shown that urocortin effects on cardiac contractility and relaxation are mediated through modulation of intracellular Ca 2ϩ handling via several independent pathways including the cAMP/PKA, Ca 2ϩ /calmodulin-dependent protein kinases II (CaMKII), and exchange protein activated by cAMP (Epac) signaling, resulting in an increase of L-type Ca 2ϩ current and sarcoplasmic reticulum Ca 2ϩ content (5, 60, 61) . UcnII also modulates cardiac contractility via phosphoinositide 3-kinase (PI3K)/Akt signaling resulting in phosphorylation of endothelial nitric oxide (NO) synthase (eNOS) and an increase of NO production (55, 56) . Moreover, a prohypertrophic effect of urocortins involves an Akt/GSK3␤ signaling pathway-mediated increase in cell size and proteinto-DNA ratio as demonstrated in neonatal and adult rat cardiomyocytes (7, 22) .
Cardiac hypertrophy and HF are the result of complex electrical and structural remodeling processes in response to mechanical and neurohumoral stimuli (34) . Structural and functional remodeling in hypertrophy and HF is the result of altered gene expression that is regulated by activation of specific transcription factors. Members of the family of nuclear factor of activated T-cells (NFAT) transcription factors play a crucial role in hypertrophic signaling (3, 34) . Four different NFAT isoforms (c1 to c4) are expressed in the heart (53). Isoforms NFATc3 and NFATc4 have established roles in hypertrophic signaling, whereas NFATc1 plays a key role in cardiac development (valve formation and morphogenesis of the heart), and it has been suggested that a basal activity of NFATc1 in cardiac myocytes is required to maintain the differentiated phenotype of adult myocytes (52) . NFAT transcription factors are activated by dephosphorylation by the Ca 2ϩ -sensitive phosphatase calcineurin (CaN) resulting in NFAT translocation to the nucleus, nuclear accumulation of activated NFAT, and transcriptional activity. Rephosphorylation of NFAT by several kinases such as p38 mitogen-activated kinase (p38), glycogen synthase kinase-3␤ (GSK3␤), and cJun NH 2 -terminal kinases (JNKs) causes inactivation of NFAT, nuclear export, and release of transcriptional effects (3, 46, 47, 52, 59) .
Despite the facts that urocortins and NFAT transcription factors play important roles in cardiac hypertrophy and HF, little is known whether these signaling pathways are interconnected. In chromaffin cells, for example, it was shown that the CaN/NFAT pathway mediates the effect of urocortins on catecholamine synthesis (16) ; however, no interplay between urocortin and NFAT signaling is known for cardiac tissue. However, CaN/NFAT signaling has been directly linked to NO and the cGMP-dependent protein kinase (PKG) activity (18) , and we have shown previously that UcnII stimulates NO production in cardiac myocytes via UcnII-dependent eNOS phosphorylation and activation of cAMP/PKA and PI3K/Akt signaling cascades (55, 56) .
Therefore, the goal of the present study was to investigate whether and how UcnII regulates NFAT activity in cardiac myocytes and whether these previously established signaling pathways that can be activated by UcnII are involved. We aimed to elucidate the signaling pathway mediating UcnIIdependent changes of the cytosolic-nuclear distribution of NFAT (and NFAT-dependent transcriptional activity) in adult normal myocytes and myocytes from failing hearts. Furthermore, we also aimed to contrast the behavior of two isoforms of NFAT, one being representative of a transcription factor with an established and well-documented role in cardiac disease (NFATc3), the other not being related to disease in adult hearts but linked to maintenance of a normal cardiac phenotype (NFATc1). UcnII-induced NFATc1 and NFATc3 distribution and activity in quiescent myocytes using adenoviral expression of NFATc1-and NFATc3-green fluorescent fusion proteins (GFP) as well as the transcriptional activity of endogenous NFAT were measured. We found that UcnII induced NFATc1 translocation to the cytosol and a reduction of NFATc1-mediated transcriptional activity in adult rabbit ventricular myocytes, whereas NFATc3 was unaffected in normal hearts. In myocytes from failing hearts, a decreased basal nuclear localization of NFATc1 was observed, in contrast to an increased nuclear localization of NFATc3, consistent with our earlier observations (52) . In failing hearts, UcnII facilitated nuclear export of NFATc1 and NFATc3 and diminished NFAT-mediated transcriptional activity. The regulation of NFAT by UcnII is mediated by a PI3K/Akt/eNOS/NO pathway that converges on the activation of several NFAT kinases, leading NFAT inactivation.
MATERIAL AND METHODS
Solutions and chemicals. All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO), unless noted otherwise. BCA Protein Assay was from Thermo Fisher Scientific (Waltham, MA). Liberase TH was obtained from Roche Diagnostic (Indianapolis, IN), the Luciferase Assay System E1500 was from Promega (Sunnyvale, CA), and penicillin and streptomycin were purchased from Molecular Probes/Life Technologies (Grand Island, NY). During all experiments, cells were bathed in Tyrode solution containing the following (in mmol/l): 136 NaCl, 5 KCl, 2 CaCl 2, 1 MgCl2, 10 HEPES, and 10 glucose pH 7.4 with NaOH. Agonists, antagonists, and pharmacological inhibitors were added to the culture medium for 2 or 24 h concomitant with viral infections.
Rabbit HF model. Studies were performed on control male New Zealand White rabbits (Harlan Laboratories, Indianapolis, IN), and rabbits with surgically induced hypertrophy and HF. HF was induced by combined volume [aortic valve insufficiency (AI)] and pressure (aortic constriction) overload as previously described (2, 39, 40) . AI was performed by inserting a beveled 5-Fr micropuncture introducer, connected to a pressure transducer, via the left carotid artery and pushing it abruptly through the aortic valve several times under transthoracic echocardiography guidance. The severity of aortic valve insufficiency was assessed subsequently by two-dimensional echocardiography. Aortic constriction surgery was performed 2 wk later. The abdominal aorta was surgically prepared proximally to the renal arteries, and a 4/0-silk tie ligature was tightened around the aorta, resulting in a reduction of aortic diameter of ϳ25-40% (depending on the severity of AI). Each rabbit underwent echocardiography examination before AI surgery to record baseline parameters and at 2-to 4-wk intervals after surgeries. Hypertrophy followed by HF developed over the course of ϳ5-8 mo. Rabbits with developed HF were killed for single cell isolation when a marked left-ventricular dilation (Ͼ50% increase in left ventricular end-diastolic diameter) and systolic dysfunction (decrease of left-ventricular fractional shortening by Ͼ40%) had developed. All protocols for animal surgery, handling, and cell isolation (see below) were approved by the Institutional Animal Care and Use Committee of Rush University Medical Center.
Cell isolation. Left ventricular myocytes were isolated from normal male control New Zealand White rabbits (32 animals) and from rabbits with chronic nonischemic HF as described above (16 animals (50 g/ml) . Adenoviral gene transfer in isolated myocytes that were kept in short-term culture (24 h; multiplicity of infection of 500) was used to overexpress NFATc1-GFP, NFATc3-GFP, Luc-NFAT-GFPl, and IL2-red fluorescence protein (RFP) (50 -52) . Experiments were performed 24 h after infection.
Fluorescence measurements of NFAT-GFP and IL2-RFP. Fluorescence measurements were performed with single cell confocal microscopy (Bio-Rad Radiance 2000/MP). GFP was exited with an argon ion laser line at 488 nm, and emitted fluorescence was collected at 500 -520 nm. Images were background subtracted, and the mean fluorescence of defined regions of interest (ROIs) was analyzed using ImageJ (Wayne Rasband, National Institutes of Health, Bethesda, MD). The subcellular distribution of NFAT-GFP was analyzed by measuring the mean fluorescence of a ROI covering the entire nucleus (NFATnuc fluorescence) and a cytoplasmic ROI of the same size (NFATcyt fluorescence). The subcellular NFAT distribution was quantified as the ratio (R) of NFATnuc to NFATcyt fluorescence (RNFAT) and specified for NFAT isoforms (RNFATc1 and RNFATc3).
IL2-RFP (in vivo NFAT transcriptional assay, also referred to as NFAT-RFP) (51) was excited at 535 nm (green He-Ne laser), and emission was collected at Ն570 nm. The RFP signal was averaged over the entire surface area of the cell.
Luciferase assay for transcriptional activity of NFAT. Cardiac myocytes were infected with the Luc-NFAT-GFP (NFAT-sensitive luciferase) alone or in combination with NFATc1-GFP or NFATc3-GFP as described above. Twenty-four hours after infection, cells were lysed and luciferase activity was measured using a Luciferase Assay System with a plate-reading luminometer (type VICTOR 3 V; Perkin Elmer, Waltham, MA) according to manufacturer instructions. The BCA Protein Assay was used to determine the concentration of protein used in the luciferase assays. Luciferase luminescence was normalized to protein concentration.
Data analysis and presentation. Data are presented as individual observations or as means Ϯ SE and were analyzed using Student t-test and one-way ANOVA. Unless stated otherwise n represents the number of individual cells, and differences were considered significant at P Ͻ 0.05.
RESULTS
UcnII effects on basal subcellular NFAT distribution. We first investigated whether UcnII was able to induce a cytosolicnuclear translocation of NFAT in normal rabbit ventricular cardiomyocytes. NFATc1 and NFATc3 isoforms were adenovirally expressed using NFATc1-GFP and NFATc3-GFP fusion proteins. Myocytes were either left untreated (control) or exposed to a maximally effective concentration of UcnII (100 nmol/l), as determined previously (60), for 2 and 24 h. NFAT translocation was quantified as changes of R NFAT (ratio of NFAT nuc to NFAT cyt fluorescence). Figure 1A shows representative confocal images of an untreated (a) myocyte and a cell treated for 24 h with UcnII ( Fig. 1Ab ). NFATc1 revealed a primarily nuclear localization under basal conditions, whereas exposure to UcnII induced nuclear export of NFATc1. Average results in Fig. 1B show that UcnII decreased R NFATc1 significantly from 2.78 Ϯ 0.08 to 1.49 Ϯ 0.08 after 2 h of UcnII exposure and to 1.11 Ϯ 0.03 (or by ϳ60%) after 24 h of UcnII exposure, i.e., after 24 h of UcnII treatment NFATc1 was essentially evenly distributed between cytosol and nucleus. This time point was used in all of the following experiments. In contrast to NFATc1, the basal localization of NFATc3 was cytosolic (R NFATc3 : 0.61 Ϯ 0.12; Fig. 1C ) and remained unchanged during UcnII treatment (Fig. 1D) .
Since in normal ventricular myocytes UcnII did only affect the translocation of NFATc1, in the following experiments we focused on the NFATc1 isoform to investigate the underlying signaling pathways.
Signaling pathway responsible for UcnII-induced NFATc1 translocation to the cytosol. Based on the notion that in cardiac myocytes cGMP-dependent protein kinase type 1 (PKG1) can inhibit calcineurin/NFAT signaling (18) , and our own observation that UcnII can increase NO production via Akt/eNOS phosphorylation (55, 56) , we tested the hypothesis that NFATc1 is regulated by the UcnII-stimulated PI3K/Akt/ eNOS/NO pathway. Akt is activated through PI3K/PDK-dependent phosphorylation at Ser473 and Thr308 (54) and stimulates eNOS by phosphorylation at Ser1177 resulting in NO production (17, 63) . NO activates soluble guanylyl cyclase (sGC), which causes an increase of cGMP resulting in activation of PKG1 (23, 32) . In previous work we demonstrated that this signaling pathway is activated by UcnII. In rabbit ventricular myocytes UcnII activated Akt via phosphorylation (Ser473 and Thr308), resulting in eNOS activation (via phosphorylation at Ser1177) and an increase of NO (55, 56) , followed by a rise of cGMP levels (unpublished results). To test the hypothesis that this signaling cascade also regulates NFAT, we stimulated ventricular myocytes expressing NFATc1-GFP with the agonist UcnII ( In our earlier studies we demonstrated the desired effects of these inhibitors in rabbit ventricular myocytes: ASV abolished UcnII-mediated positive inotropic effects (60, 61), whereas UcnII-induced phosphorylation and activation of Akt and eNOS, NO production (55, 56) , sGC activation, and increase of cGMP were abolished by Wort, L-NIO, and ODQ, respectively. In the current study, inhibitors were applied together with UcnII for 24 h. Average data for R NFATc1 are shown in Fig. 2B . Data were normalized to untreated control myocytes (Fig. 2B , left ordinate) and also expressed as percent change relative to R NFATc1 in the presence of UcnII (Fig. 2B, right ordinate) . The average data shown in plasm. Compared with UcnII treatment alone all inhibitors allowed translocation of NFATc1 back into the nucleus and increased R NFATc1 between 38 and 110% (ASV: 77 Ϯ 14%; wortmannin: 82 Ϯ 8%: L-NIO: 110 Ϯ 13%; ODQ: 38 Ϯ 5%; all P Ͻ 0.001 vs. UcnII). None of the inhibitors, however, was capable of fully restoring the basal NFATc1 distribution, suggesting that UcnII may affect NFATc1 distribution through additional pathways and/or incomplete inhibition by the applied blockers. Furthermore, the effect of UcnII on NFATc1 translocation appeared to be Ca 2ϩ independent. In the presence of a membrane-permeable Ca 2ϩ chelator (BAPTA-AM; 25 mol/l) or the inositol-1,4,5-trisphosphate (IP 3 ) receptor blocker 2-aminoethoxydiphenyl borate (2-APB; 3 mol/l), the UcnII-induced nuclear export of NFATc1 was unchanged, whereby the latter result further indicated that a putative CRFR 2 /PLC/IP 3 /Ca 2ϩ pathway was not involved (data not shown). In conclusion, the data shown in Fig. 2 support the hypothesis that UcnII facilitates nuclear export of NFATc1 by a Ca 2ϩ -independent mechanism that involves a CRFR 2 /PI3K/ Akt/eNOS pathway and sGC/PKG signaling.
Exogenous NO-mediated NFATc1 translocation to the cytoplasm. Together with our previous findings (55, 56 ) the data presented in Fig. 2 suggest that eNOS activation and endogenous NO production is involved in the UcnII-dependent transport of NFATc1 out of the nucleus. To test this hypothesis further, we challenged NFATc1-GFP-expressing cardiac myocytes with the NO-donor spermine NONOate (SNO; 100 mol/l). Cells were treated with SNO for 24 h to allow for direct comparison with UcnII. Fig. 3A shows confocal images of untreated (control, Fig. 3Aa ), UcnII (Fig. 3Ab) -treated, and SNO-treated (Fig. 3Ac) myocytes. Mean values of R NFATc1 normalized to control are presented in Fig. 3B . In the presence of SNO NFATc1 export to the cytoplasm was enhanced and normalized R NFATc1 decreased to 0.39 Ϯ 0.03 (P Ͻ 0.001 vs. control). This decrease was similar to the effect of UcnII (normalized R NFATc1 ϭ 0.37 Ϯ 0.001). The results indicate that NO can induce a translocation of NFATc1 to the cytoplasm and lend further support to the hypothesis that the UcnII-mediated NO increase (as shown directly in our previous studies; see Refs. 55, 56) indeed is involved in NFATc1 translocation.
The role of kinases for UcnII-induced NFATc1 translocation to the cytoplasm. The subcellular localization of NFAT is determined by the balance between activities of NFAT kinases and the NFAT phosphatase calcineurin. GSK3␤, JNKs, and p38 kinases have been identified of being capable of NFAT phosphorylation, which results in reduced nuclear occupancy (1, 9, 20, 41, 62) . We sought to determine a putative contribution of these kinases to the UcnII-induced NFATc1 translocation out of the nucleus, together with a potential role of PKG in this process. Fig. 4B . Inhibition of PKG with KT significantly reversed the UcnII-induced NFATc1 export and increased normalized R NFATc1 from 0.37 Ϯ 0.01 to 0.71 Ϯ 0.02 (P Ͻ 0.001 vs. UcnII). These data suggest a potential novel role of PKG for NFAT phosphorylation either directly or through a downstream target of PKG. This notion was further supported by the observation that KT alone increased the normalized R NFATc1 to 1.41 Ϯ 0.07 (n ϭ 26; P Ͻ 0.001 vs. control), suggesting that basal sGC/PKG activity limits nuclear occupancy of NFATc1 under control conditions. This is reminiscent of our earlier observation that inhibition of basal activity of NFAT kinases alone (demonstrated for inhibition of GSK3␤ with ALP, which increased normalized R NFATc1 to 1.78; see Ref. 50 ) can enhance nuclear accumulation of NFATc1. Here we show that inhibition of GSK3␤ with ALP also significantly attenuated nuclear export of NFATc1 induced by UcnII. The inhibition of nuclear export by ALP was further enhanced in the presence of ODQ (to inhibit sGC and its downstream target PKG), lending further support to a potential involvement of PKG. During simultaneous GSK3␤ and sGC inhibition normalized R NFATc1 increased to 0.69 Ϯ 0.04 (P Ͻ 0.001 vs. UcnII). To test for additive inhibitory effects of various kinase inhibitors, three (ALP, SB, and SP: inhibition of all "classical" NFAT kinases) and four (ALP, SB, SP, and KT) blockers were applied simultaneously. The presence of three or four inhibitors further reduced the UcnIIinduced nuclear export of NFATc1 (normalized R NFATc1 increased to 0.80 Ϯ 0.04 and 0.77 Ϯ 0.04, respectively); however, the inhibitors were not capable of fully restoring control conditions. This may be in part due to incomplete inhibition of kinase activities by the blockers and/or the involvement of additional kinases in NFAT phosphorylation. Nuclear export of phosphorylated NFAT is regulated by the nuclear export protein Crm1 (exportin 1) and can be blocked by leptomycin B (28, 64) . In the presence of leptomycin (40 nmol/l), the UcnIIinduced NFATc1 export was significantly attenuated and normalized R NFATc1 was 0.71 Ϯ 0.03 (n ϭ 29) compared with 0.39 Ϯ 0.03 in UcnII alone (P Ͻ 0.001; data not shown). The data suggest that UcnII-induced NFATc1 export occurs predominantly via the exportin 1 pathway.
UcnII-induced NFAT translocation in HF. NFAT transcription factors (including the isoform NFATc3) have been implicated to play a crucial role in gene transcription underlying the profound structural and functional remodeling processes that occur in cardiac hypertrophy and HF (24, 35, 52) . Furthermore, urocortins are known to exert beneficial effects in HF (13, 14, (43) (44) (45) but also have been shown to be prohypertrophic (7, 22) . Therefore, we investigated the subcellular distribution of NFATc1 and NFATc3 and the effect of UcnII thereon in ventricular myocytes from a nonischemic rabbit HF model, induced by combined volume and pressure overload (39, 40) . As shown in Fig. 5 , the nuclear localization of NFATc1 in myocytes from failing hearts was less pronounced compared with normal cells (Fig. 5 , Aa vs. Ab). As summarized in Fig. 5B in HF myocytes R NFATc1 was 1.68 Ϯ 0.08, compared with 2.97 Ϯ 0.16 in normal myocytes (P Ͻ 0.0001).
In HF myocytes UcnII (Fig. 5Ac) induced further redistribution of NFATc1 out of the nucleus and decreased R NFATc1 by an additional 38 Ϯ 2.6% (P Ͻ 0.001 vs. HF; Fig. 5C ). This UcnII-induced nuclear export of NFATc1 was completely prevented by ALP (Fig. 5Ad) and by ODQ ( Fig. 5Ae ; both inhibitors P Ͻ 0.001 vs. UcnII, Fig. 5C ) and suggests that the same regulatory pathways are involved that are responsible for UcnII-induced NFATc1 export in normal cells (Figs. 2 and 4) .
In contrast to NFATc1, nuclear localization of NFATc3 increased in HF cells (Fig. 6Ab) compared with normal cells (Fig. 6Aa) with an increase of R NFATc3 by 34% from 0.56 Ϯ 0.02 to 0.75 Ϯ 0.03 (P Ͻ 0.0001 vs. normal; Fig. 6B ), consistent with our previous results (52) using an immunohistochemical approach. Since HF myocytes revealed an enhanced nuclear NFATc3 occupancy, we investigated whether UcnII is capable of influencing the nuclear distribution of NFATc3. UcnII (Fig. 6Ac ) stimulation resulted in a translocation of NFATc3 back to the cytoplasm and decreased R NFATc3 by 17 Ϯ 3% (P Ͻ 0.001 vs. HF; Fig. 6C ). This UcnII-induced nuclear export of NFATc3 was completely prevented by ALP (Fig. 6Ad) and ODQ (Fig. 6Ae) (P Ͻ 0.001 vs. UcnII; Fig. 6C ).
In summary, these results indicate that UcnII affects not only the distribution of NFATc1 in the healthy heart but also in failing hearts. Furthermore, while NFATc3 distribution was not affected by UcnII in normal hearts, UcnII gained a regu- latory role for NFATc3 translocation in failing hearts that appeared to involve similar signaling pathways as for NFATc1.
UcnII-induced NFAT-regulated transcriptional activity in normal and HF myocytes.
We further tested whether UcnII stimulation not only induced nuclear export of NFAT but also affected NFAT-regulated transcriptional activity. For this purpose we used two different methods 1) a RFP reporter tool where RFP is expressed under the control of NFAT (51) referred to here as "IL2-RFP reporter," and 2) a standard luciferase assay where luciferase is expressed under NFAT control and luciferase activity is quantified with a luminescence assay (51) . First, we investigated transcriptional activity in normal ventricular myocytes. To study transcriptional activity of endogenous NFAT, cells were either infected with the IL2-RFP reporter or with NFAT-sensitive luciferase (Luc-NFAT-GFP). The IL2-RFP reporter (also referred to as NFAT-RFP) has the advantage of allowing monitoring of transcriptional activity of NFAT continuously in single intact living cells (51) . Both approaches yielded qualitatively similar results. As shown in Fig. 7A , 24-h exposure of normal myocytes to UcnII significantly reduced the transcriptional activity of endogenous NFAT, resulting in a 22% decrease in RFP fluorescence compared with untreated myocytes (average normalized IL2-RFP fluorescence decreased from 1.00 Ϯ 0.03 in control to 0.78 Ϯ 0.03 in the presence of UcnII; P Ͻ 0.001 vs. control). Similarly, the transcriptional activity quantified as endogenous NFAT-sensitive luciferase expression was decreased by 25% in the presence of UcnII compared with untreated cells (normalized luciferase activity decreased from 1.00 to 0.75 Ϯ 0.13; Fig. 7B ).
Furthermore, we studied changes of transcriptional activity mediated specifically by the NFATc1 isoform. For this purpose, cells were coinfected with either IL2-RFP or Luc-NFAT-GFP and NFATc1-GFP viruses. Figure 7C shows cardiac myocytes coinfected with NFATc1-GFP (a and b) and IL2-RFP (c and d) in the presence and absence (control) of UcnII. UcnII reduced NFATc1-mediated IL2-RFP transcriptional activity, resulting in a 34% decrease in RFP fluorescence compared with untreated myocytes (average normalized IL2-RFP fluorescence decreased from 1.00 Ϯ 0.08 in control to 0.66 Ϯ 0.12 in the presence of UcnII; P Ͻ 0.05 vs. control). Figure 7 , Ca and Cb, shows that concomitantly with a reduction in RFP fluorescence (Fig. 7 , Cc and Cd), UcnII caused the expected nuclear export of NFATc1 that amounted to a ϳ60% decrease of R NFATc1 compared with untreated control cells.
In normal myocytes, coinfected with Luc-NFAT-GFP and NFATc1-GFP, UcnII (24 h) decreased NFATc1 mediated luciferase expression by 39% compared with untreated cells (normalized luciferase activity decreased from 1.00 to 0.62 Ϯ 0.07; P Ͻ 0.01 vs. control; Fig. 7D ). Furthermore, inhibition of PI3K with Wort, for the purpose of blocking the downstream Akt/eNOS/NO/PKG pathway, reversed the UcnII-dependent reduction in luciferase activity (normalized luciferase activity in the presence UcnII ϩ Wort was 1.11 Ϯ 0.12; P Ͻ 0.05 vs. control; Fig. 7D ). The NO donor SNO decreased NFATc1-dependent transcriptional activity (normalized luciferase activity decreased to 0.26 Ϯ 0.07; P Ͻ 0.001 vs. control; Fig. 7D ). These data are in line with the UcnII-induced NFATc1 translocation to the cytoplasm (reduction of R NFATc1 by ϳ60%; see Fig. 1B ) and demonstrate that the same PI3K/Akt/eNOS/NO pathway is involved (cf. Figs. 2 and 3) .
Effects of UcnII on NFAT-mediated transcriptional activity were also investigated in HF myocytes. The results were qualitatively identical with the translocation experiments (Figs. 5 and 6). As shown in Fig. 8A UcnII reduced endogenous NFAT transcriptional activity. In HF cells expressing the IL2-RFP reporter, the normalized RFP fluorescence signal decreased by 37% in the presence of UcnII (from 1.00 Ϯ 0.11 to 0.63 Ϯ 0.05; P Ͻ 0.005 vs. control). In HF myocytes * * * Control (17) UcnII (17) 
Luc-NFAT + NFATc1
UcnII + Wort (8) SNO (8) Luciferase activity 
Control UcnII
Endogenous NFAT (39) IL2-RFP fluorescence (normalized) (5) Control UcnII (5) Luciferase activity expressing NFATc1 (Fig. 8B) or NFATc3 (Fig. 8C) , UcnII treatment caused a significant decrease in transcriptional activity determined with the luciferase assay. In NFATc1-expressing cells, UcnII decreased normalized luciferase activity by nearly 60% to 0.43 Ϯ 0.13 (P Ͻ 0.05 vs. control), whereas in NFATc3-expressing HF cells transcriptional activity decreased by ϳ30% to a normalized value of 0.71 Ϯ 0.10 (P Ͻ 0.05 vs. control). In summary, in HF myocytes UcnII not only reduced transcriptional activity in cells overexpressing NFATc1 or NFATc3 but also transcriptional activity regulated by endogenous NFAT. Furthermore, the transcriptional activity results paralleled the UcnII-dependent effects on NFAT translocation.
DISCUSSION
In this study, we investigated the regulation of the transcription factor isoforms NFATc1 and NFATc3 in ventricular myocytes from normal and failing hearts by the cardioactive peptide urocortin II. The key findings of our investigation were as follows: first, NFAT isoforms c1 and c3, expressed by adenoviral transfer, revealed a distinctly different basal subcellular distribution in ventricular myocytes from normal healthy and from failing hearts: NFATc1 was localized to the nucleus (R NFATc1 Ͼ 1) whereas NFATc3 was predominantly found in the cytosol (R NFATc3 Ͻ 1). This basal pattern of NFAT distribution was preserved in HF myocytes; however, R NFATc1 was decreased and R NFATc3 was increased relative to normal myocytes. Second, in normal myocytes UcnII induced a nuclear export of NFATc1 and attenuated NFAT-dependent transcriptional activity but did not affect the subcellular distribution of NFATc3. In contrast, in HF myocytes UcnII facilitated nuclear export and inhibited transcriptional activity of both isoforms. Third, the regulation of NFAT translocation and transcriptional activity was mediated by a PI3K/Akt/eNOS/NO signaling cascade that converged on the activation of several kinases, including GSK3␤, JNK, p38, and PKG, resulting in phosphorylation, deactivation, and nuclear export of NFAT. Fourth, UcnII attenuated transcriptional activity of endogenous NFAT in normal and HF myocytes. While our experimental approach precluded the identification of the endogenous NFAT isoform(s) responsible for the UcnII-mediated reduction in transcriptional activity, our observation that UcnII had no effect on translocation in NFATc3 expressing normal cells suggests a critical involvement of endogenous NFATc1.
Urocortins, peptides of the corticotropin-releasing factor family, have been associated with a number of cardiovascular functions and effects, ranging from positive chronotropic, inotropic, and lusitropic effects to vasodilation and increased coronary blood flow (5, 8, 12, 13, 60, 61) . Urocortins also appear to play important roles in cardiac disease. Urocortins and their cellular receptors are upregulated in cardiac disease, with important functional consequences. On the one hand the peptide has been shown to attenuate ischemia-reperfusion injury (4, 6) and to have beneficial effects in HF by reducing total peripheral resistance, left ventricular filling pressure and cardiac afterload, and increasing cardiac output and left ventricular ejection fraction (13, 14, (43) (44) (45) . On the other hand urocortins can also have arrhythmogenic effects (61) and have been shown to be prohypertrophic (7, 22) .
Cardiac hypertrophy is induced by pathological (e.g., pressure or volume overload) or physiological stimuli (e.g., exercise training or developmental growth) (33) . Pathological hypertrophy is associated with cardiac fibrosis, left ventricular dilation, contractile dysfunction, and HF. Concomitant with these profound structural and functional changes, commonly referred to as hypertrophic remodeling, are altered gene expression and transcriptional activity that govern these remodeling processes (10, 29, 33) . Members of the NFAT family have been identified as important transcription factors in the heart. The isoforms NFATc3 and NFATc4 have been directly associated with cardiac hypertrophic remodeling and transcriptional activity related to HF (53) . In contrast, the isoform NFATc1 has been assigned a role in early cardiac development (15, 58) and possibly the maintenance of a normal differenti- 
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Endogenous NFAT (39) IL2-RFP fluorescence ated adult cardiac phenotype (50); however, it appears to play no or only a minor role in hypertrophy and HF. We propose that NFATc1 and NFATc3 mediate (at least in part and in conjunction with other cardiac transcription factors, however, those potential interactions with other transcription factors will not be discussed here) opposite effects on the cardiac phenotype and that the balance between NFATc1-and NFATc3-mediated effects determines the degree of hypertrophic and HF remodeling. For the following discussion we will view disturbances of this equilibrium between NFATc1-and NFATc3-mediated effects as crucial for whether the outcomes of remodeling processes are beneficial or adverse for the progression and outcome of cardiac disease. In line with the reported effects of urocortins in hypertrophy and HF, we found differential effects of UcnII on the subcellular distribution and transcriptional activity of the NFAT isoform c1 and c3. Under basal conditions NFATc1 was preferentially located in the nucleus of normal ventricular myocytes, consistent with its "maintenance" function as described above. UcnII led to nuclear export of NFATc1 and reduced NFAT-dependent transcriptional activity. These observations could explain qualitatively a prohypertrophic effect of UcnII. By curtailing NFATc1-mediated transcriptional activity per se, the above postulated equilibrium between NFATc1 and NFATc3 signaling shifts away from the maintenance function in favor of hypertrophic signaling. A different picture emerges in fully developed HF. Here, the nuclear occupancy by NFATc1 was diminished in exchange to an enhanced nuclear localization of NFATc3, i.e., the isoform that has been linked to cardiac hypertrophy and HF now shows enhanced nuclear presence, whereas the maintenance isoform NFATc1 has a reduced nuclear occupancy. Within the above postulated framework, the equilibrium is shifted towards hypertrophic and HF remodeling mediated by NFATc3 activity. The effects of UcnII on NFAT translocation are in line with the reported beneficial effects of UcnII in HF. First, the enhanced nuclear export of "hypertrophic" NFATc3 diminishes prohypertrophic signaling. Second, the UcnII-mediated nuclear export of NFATc1 is significantly less in HF. Together, these two consequences of UcnII stimulation shifts the equilibrium away from prohypertrophic signaling in favor of regaining a more normal cardiac phenotype. We therefore propose, based on the analysis of distribution and activity of NFAT isoforms, that UcnII can have prohypertrophic effects, consistent with previous reports (7, 22) . In established HF, however, urocortins may mediate antihypertrophic (as defined above) NFAT signaling that is consistent with the reported beneficial clinical effects of urocortins in cardiac disease. The differential effects of urocortins in healthy and diseased hearts maybe related to reported altered circulating plasma levels of urocortins (36) and urocortin receptor expression (26, 37) . Our previous work on UcnII signaling in the heart established (55, 56) a signaling pathway that entailed UcnII binding to the CRFR 2 (60, 61) , followed by G protein-linked activation of PI3K and Akt, phosphorylation of eNOS, NO production and sGC activation (referred to here as PI3K/Akt/eNOS/NO pathway). Expanding on this previous work (55, 56) we examined whether the same PI3K/Akt/eNOS/NO pathway was involved in the regulation of UcnII-mediated translocation of NFAT. Inhibition of key steps of the PI3K/Akt/eNOS/NO cascade, ranging from inhibition of CRFR 2 to blocking PI3K, eNOS, and sGC, resulted in a significant reduction of UcnIIinduced nuclear NFAT export and NFAT-mediated transcriptional activity, suggesting that the same signaling pathway was involved. Furthermore, exogenous NO mimicked the effect of UcnII confirming a central role of NO in this process. The central role of NO was further supported by the experimental observation that inhibition of PI3K and exogenous NO not only affected NFATc1 translocation but also NFATc1-mediated transcriptional activity.
With respect to NFAT regulation by UcnII the PI3K/Akt/ eNOS/NO cascade appears to converge on the activation of NFAT kinases. The term "NFAT kinase" refers to the group of kinases that are capable of rephosphorylation of NFAT proteins and inducing nuclear export (21) . Selective or combined inhibition of the classical NFAT kinases (GSK3␤, JNK, and p38 kinase) attenuated UcnII-induced nuclear NFAT export. In addition, our results assign a novel potential role to PKG as an NFAT kinase. Selective inhibition of PKG strongly attenuated UcnII induced NFATc1 export (Fig. 4) , and inhibition of basal PKG activity enhanced nuclear occupancy of NFATc1. Thus PKG appears to shift aforementioned equilibrium away from prohypertophic signaling towards maintenance (mediated by NFATc1 signaling) of a normal cardiac phenotype. This is consistent with recent evidence for a distinct role of PKG in inhibition of NFAT hypertrophy signaling (18) . Whether the action of PKG consists of direct phosphorylation of NFAT or activation of downstream NFAT kinases remains to be determined. Indeed, there is evidence from cardiac and other tissues that GSK3␤ (11) and p38 kinase (31) are PKG phosphorylation targets. Furthermore, NFAT isoforms contain complete or incomplete potential PKG consensus sequences of the type Arg-Arg-X-Ser/Thr (cf. Ref. 19) , which opens the possibility of direct NFAT phosphorylation by PKG. Alternatively, the PI3K/Akt/eNOS/NO signaling pathway could also activate NFAT kinases in a parallel PKG-independent fashion as has been demonstrated for NO-dependent p38 activation in the heart (42) .
An interesting finding relates to the role of Akt/GSK3␤ signaling for NFAT regulation. GSK3␤ is a constitutively active serine/threonine protein kinase that phosphorylates numerous protein targets (including NFAT; Refs. 1, 25, 34) . The activity of GSK3␤ is negatively regulated by Akt (1, 22) , which in turn is expected to lead to an enhanced accumulation of NFAT in the nucleus (49, 50) . Our results indicate a novel additional role for Akt and GSK3␤ for NFAT signaling that involves eNOS activation and NO production, and results in activation of GSK3␤ and ultimately nuclear export of NFAT. Thus Akt has a dual role in GSK3␤ regulation with opposite effect, depending on the participation of eNOS and NO. In the absence of eNOS activation and NO production Akt inhibits GSK3␤, which would favor nuclear accumulation of NFAT. During stimulation with UcnII, however, activation of Akt leads to downstream activation of eNOS resulting in activation of GSK3␤ by the mechanism described in this study. We propose that under these specific conditions the stimulatory effect on GSK3␤ via the Akt/eNOS/NO/sGC/PKG pathway outweighs the direct inhibitory effect of Akt. The latter conclusion is also consistent with our observation that in the presence of UcnII the inhibition of GSK3␤ (with ALP; Fig. 4 ) and inhibition of PI3K/Akt (with Wort; Fig. 2 ) had very similar effects, i.e., ALP and Wort counteracted the nuclear export mediated by UcnII to a similar degree.
In summary, we demonstrate an important role for UcnII in the regulation of NFAT isoforms c1 and c3 that involves a PI3K/Akt/eNOS/NO signaling cascade. The PI3K/Akt/eNOS/NO signaling pathway is activated via CRFR 2 and converges on the activation of NFAT kinases, including a novel role for PKG as an NFAT kinase, resulting in inactivation and nuclear export of NFAT. Although the NFAT isoforms c1 and c3 reveal distinct subcellular distribution patterns, both share common features of regulation by the UcnII-PI3K/Akt/eNOS/NO pathway, both in normal as well as in failing hearts. Furthermore, within the discussed frame work that the equilibrium between NFATc1-and NFATc3-mediated signaling is crucial for the maintenance of a normal cardiac phenotype or the initiation and progression of hypertrophic remodeling, we provide evidence from the perspective of NFAT transcription factor activity that can explain a prohypertrophic role for urocortins but also can provide evidence for the beneficial effects that are attributed to urocortins in HF.
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